Abstract. drug resistance and disease recurrence are major obstacles to the effective treatment of cancer, including gastric cancer (Gc). However, the mechanisms of drug resistance remain to be fully elucidated. The present study investigated the roles of microRNA (miR)-21-5p in the doxorubicin (dOX) resistance of Gc cells and the underlying mechanisms. miR-21-5p expression levels were identified to be inversely correlated with two well-known tumor suppressor genes, phosphatase and tensin homologue and tissue inhibitor of matrix metalloproteinases 3, and were upregulated in Gc cell lines in proportion to their degree of resistance. Suppressing miR-21-5p expression partially sensitized SGc7901/dOX cells to dOX, suggesting that knockdown of miR-21-5p expression may be used as a therapeutic strategy to improve Gc cell resistance. Importantly, increased miR-21-5p expression levels at diagnosis were correlated with clinicopathological characteristics including advanced stage and poor prognosis, further implying that a relapse of Gc may be a consequence of miR-21-5p upregulation, thus providing evidence for the potential utility of miR-21-5p antagonism to sensitize Gc cells to dOX chemotherapy.
Introduction
Gastric cancer (Gc) is one of the major causes of malignant tumor-associated mortality worldwide (1) . Although the application of surgery has markedly improved the prognosis for early-stage Gc over the past decade, most patients who are either diagnosed at an advanced stage or who have relapsed after an apparently curative operation still succumb to this cancer type, with an overall 5-year survival rate of ~20% (2, 3) . Toxicity of combination chemotherapy and drug resistance remain challenges in successfully treating Gc patients (4, 5) . In addition, drug resistance is frequently observed in Gc and other tumor types, but the details of this resistance have remained to be fully elucidated (6, 7) .
In recent years, microRNAs (miRNAs/miRs), which are evolutionarily conserved small non-coding RNAs, were identified to have important roles in cell differentiation, apoptosis, proliferation and metabolism by inhibiting translation of mRNA or by promoting its degradation (8) (9) (10) (11) (12) . Mounting evidence suggests that miRNAs are involved in tumorigenesis and progression, while they may have tumor suppressor or oncogenic roles (13) (14) (15) . Furthermore, the influence of miRNAs on the tumor cell response to chemotherapeutic drugs has been reported in various malignancies (16) (17) (18) . However, the role of miRNAs in drug resistance of Gc has remained to be fully elucidated (19) .
Recently, miR-21-5p has been of significant interest, as studies have demonstrated that it is frequently overexpressed in a wide variety of cancer types, including breast cancer (20) , prostate cancer (21) , lung cancer (22, 23) , Gc (24) , pancreatic cancer (25) , head and neck squamous cell carcinoma (26) and leukemia (27) . In addition, it has been reported that dysregulation of miR-21-5p may be a predictor of tumor response to 5-fluorouracil, docetaxel and temozolomide (28) (29) (30) . Although doxorubicin (dOX) is an unconventional chemotherapeutic drug for Gc, it is effective in certain cancer types, including leukemia, lymphoma and breast cancer. However, the functions and mechanisms of miR-21-5p in doxorubicin (dOX) drug resistance and relapse of Gc have remained elusive.
The present study reported that the upregulation of miR-21-5p in clinical Gc tissues is associated with an advanced clinical stage and a poor prognosis. Furthermore, miR-21-5p was identified to be upregulated in DOX-resistant Gc cells. Inhibiting the expression of miR-21-5p may effectively reverse dOX resistance. In addition, the present study investigated the mechanisms of the roles of miR-21-5p in Gc. The results suggested that miR-21-5p has an important role in dOX resistance of Gc, with implications for cancer therapy. (31) . Hence, these cells were named SGc7901/dOX-0.5 µg/ml, SGc7901/dOX-1 µg/ml and SGc7901/dOX-2 µg/ml. SGc7901 and the selected SGc7901/dOX cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (HyClone; GE Healthcare, Little Chalfont, UK) at 37˚C in a humidified atmosphere containing 5% CO 2 for further use.
miR-21-5p confers doxorubicin resistance in gastric cancer cells by targeting PTEN and TIMP3

RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from fresh Gc tissue using RNAiso Plus (Takara Bio Inc., Otsu, Shiga Prefecture, Japan), and the RNA concentration and quality were detected with a Nanodrop-1000 spectrophotometer. RT-qPcR was then performed to detect miR-21-5p and its target mRNA expression levels. For RT-qPcR, 0.5 µg total RNA were used to generate complementary dNA using the M-MLV Reverse Transcriptase kit (cat. no. RR037A; Takara Bio Inc.). RT was for 30 min at 16˚C, 45 min at 42˚C and 5 min at 85˚C. Then qPCR was performed to amplify the targets using the Lightcycler ® 480 real-time PcR system (Roche diagnostics, Basel, Switzerland) with specific mRNA/miRNA primers and SYBR ® Premix Ex Taq™ II reagents (cat. no. RR820A; Takara Bio Inc.) according to the manufacturer's protocol. Thermocycling conditions were as follows: 95˚C for 3 min followed by 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec. The relative expression levels of mRNA and miRNA were determined using the 2 -ΔΔcq method (32) , with GAPdH and U6 used as internal controls separately. All PcRs were performed in triplicate. The sequences for all primers used in PcR are listed in Table II .
Cell transfection. All small molecular RNAs, including miR-21-5p mimics and scrambled oligonucleotides miR-negative control (Nc), miR-21-5p antisense oligonucleotide (anti-miR-21-5p) and its counterpart control (anti-miR-Nc), and small interfering (si)RNA for the target mRNA were purchased from GenePharma Biotech (Shanghai, china).
These small RNAs were delivered into cultured cells using Lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). In brief, 3x10 5 cells were seeded in 6-well plates and grown to 75% confluence. All RNA transfections were performed at a final concentration of 50 nM unless otherwise indicated according to the manufacturer's protocol. The transfection efficiency, which was assessed using a fluorescein amidite-conjugated siRNA (non-homologous to any human genome sequences; cat. no. A07001; GenePharma Biotech, Shanghai, china) and fluorescence-activated cell sorting (FAcS) analysis, was determined to be ~80% for Gc cells (data not shown).
Measurement of drug sensitivity using the cell counting kit-8 (CCK-8) assay. The transfected cells were cultured in 96-well plates at 5x10 3 cells per well in 100 µl medium and were maintained overnight, followed by exposure to various concentrations of dOX for 48 h. cell viability was monitored using a ccK-8 (dojindo, Kumamoto, Japan). In brief, 10 µl ccK-8 stain was added to each well of the plate, followed by incubation for 2 h and measurement of the absorbance at 450 and 630 nm (reference wavelength) using a microplate reader. The concentration causing 50% inhibition of growth (Ic 50 ) of the drug was estimated from a relative survival curve. All experiments were performed three times. 
F, forward primer; R, reverse primer; RT, reverse transcription primer; PTEN, phosphatase and tensin homologue; TIMP3, tissue inhibitor of matrix metalloproteinases 3; miR, microRNA; MUT, mutated; UTR, untranslated region.
org/index.shtml) and PIcTAR (http://pictar.mdc-berlin.de), were used to predict the targets of miR-21-5p. To overcome the limitations of each program, the putative target genes predicted by at least three of the programs were selected for further experimental analyses.
Construction of the vector and luciferase reporter assay.
The expression vector for miR-21-5p (pcdNA-miR-21-5p) was generated by cloning the genomic fragments encompassing the corresponding miR-21-5p precursor and its 5'-and 3'-flanking sequences into the pcdNA6. Statistical analysis. Statistical analyses were performed with GraphPad Prism 6.0 software (GraphPad Inc., La Jolla, cA, USA). The cytological experiments were performed at least in triplicate and all values are expressed as the mean ± standard deviation. differences between groups were analyzed using Student's t-test when only two groups were present, and in the case of more than two groups, one-way analysis of variance followed by a post-hoc multiple comparisons test (least-significant differences test) was applied. Unless otherwise noted, differences in mRNA/miRNA expression in clinical samples between two groups were analyzed using the Mann-Whitney U test for independent unpaired samples, and paired samples were analyzed using the Wilcoxon test. The χ 2 or Fisher's exact test were used to analyze categorical variables. correlations were determined using Spearman correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Upregulation of miR-21-5p in clinical GC tissue is correlated
with an advanced clinical stage and poor prognosis. In a previous study (34) , differential miRNA expression profiles revealed dysregulation of miR-21-5p in Gc tissues. To further confirm this result, the present study examined miR-21-5p expression levels in primary tumor samples from a Gc patient cohort (n=46). miR-21-5p expression in Gc tissue was 3.91-fold (range, 0.031-72.429) higher than that in matched adjacent NC tissues (P= 0.0116; Fig. 1A) . The median values of relative miR-21-5p expression in the Gc and Nc tissues were 4.03 and 1.27, respectively. Of these 46 Gc patients, 24 (52.2%) exhibited a tumor tissue-specific upregulation of miR-21-5p expression levels by >2-fold. To determine whether miR-21-5p expression correlates with clinical characteristics of GC patients, the patients were stratified into high and low expression groups according to the median value of miR-21-5p expression. As indicated in Table III , a statistically significant correlation between miR-21-5p expression and available pathological parameters was identified, including differentiation status, lymph node metastasis and tumor-nodes-metastasis (TNM) stage of Gc.
Of the 46 primary patients, 16 (34.8%) received treatment and were then lost to follow-up. The remaining 30 Gc patients (65.2%) with complete follow-up data (mean follow-up time, 39 months) were divided into two groups based on prognosis. The miR-21-5p expression levels at diagnosis in the patients who suffered from relapse or death (n=13) was significantly higher than that of the remaining 17 patients in continuous complete remission (CR; P=0.0349; Fig. 1B) . These results collectively indicate that higher miR-21-5p expression in Gc patients is correlated with an advanced clinical stage and a poor prognosis. Fig. 2A . The results indicated that the three SGc7901/dOX cell lines, SGc7901/dOX-0.5 µg/ml, SGc7901/dOX-1 µg/ml and SGc7901/dOX-2 µg/ml had a 1.4-, 2.1-and 3.3-fold acquired resistance to dOX, respectively, based on their Ic 50 values (P<0.05; Fig. 2B) . Next, the miR-21-5p expression levels were determined in the three dOX-resistant cell lines to further elucidate whether miR-21-5p expression affects dOX resistance. The results indicated that miR-21-5p was least expressed in the SGc7901 cells, while the expression levels gradually increased in the three dOX-resistant cell lines with increasing DOX tolerance levels (P<0.05; Fig. 2C ), suggesting that miR-21-5p may be associated with dOX resistance of Gc cells. As SGc7901/dOX-2 µg/ml exhibited the greatest resistance to dOX, this cell line was used for the subsequent experiments.
miR-21-5p expression is dysregulated in DOX-
Suppression of miR-21-5p expression sensitizes SGC7901/DOX cells to DOX.
To elucidate the association between miR-21-5p and dOX resistance in Gc cells, miR-21-5p antagomir (anti-miR-21) was transfected into SGc7901/dOX-2 µg/ml to specifically inhibit the expression of miR-21-5p. The miR-21-5p expression in the miR-21 inhibitor group was reduced to 44.8% of that in the corresponding control group (P<0.05; Fig. 3A) , and the anti-miR-21-transfected group of SGc7901/dOX-2 µg/ml cells exhibited a significantly lower survival rate upon exposure to DOX compared with that of the control-transfected group. Furthermore, the Ic 50 value was determined to be 1.443±0.017 µg/ml for the anti-miR-21 group and 3.985±0.064 µg/ml for the anti-miR-Nc group (P<0.05; Fig. 3B ). In addition, it was demonstrated that in SGc7901/dOX-2 µg/ml cells, transfection with anti-miR-21 enhanced dOX-induced apoptosis following dOX treatment at 1 µg/ml for 48 h (P<0.05; Fig. 3C ). These results indicate that knockdown of miR-21-5p increased dOX sensitivity in Table III . characteristics of gastric cancer patients in association with miR-21-5p expression levels. SGc7901/dOX-2 µg/ml cells; thus, it was hypothesized that antagonism of miR-21-5p partially reversed dOX resistance in these cells.
miR-21-5p -----------------------------------------------------------------------------------------
Upregulation of miR-21-5p renders SGC7901 cells resistant to DOX.
Based on the above evidence, the present study further investigated the effects of miR-21 in SGc7901 cells. The miR-21-5p expression levels were significantly elevated following transfection with miR-21-5p mimics (P<0.001; Fig. 4A) . Next, the cell viability was examined with the goal of determining whether overexpression of miR-21-5p affects the sensitivity of SGc7901 cells to dOX. A dose-dependent growth inhibition of SGc7901 cells in response to dOX was observed, and cells transfected with miR-21 mimics exhibited significantly lower DOX sensitivity than those transfected with miR-NC (P<0.05; Fig. 4B ). The IC 50 of dOX in the former group was higher than that in the latter group. In addition, overexpression of miR-21-5p rendered SGc7901 cells more resistant to dOX-induced apoptosis upon dOX treatment (P<0.05; Fig. 4C ). Taken together, these results suggest that miR-21-5p has an important role in dOX resistance of Gc cells.
miR-21-5p mediates apoptosis by targeting PTEN and TIMP3.
The predicted targets of miR-21-5p are PTEN and TIMP3, which were identified by using several miRNA target gene prediction websites. The 3'UTR of PTEN and TIMP3 contains one and two putative miR-21-5p-binding sites, respectively (Fig. 5A) . To verify this, three plasmids were generated by cloning the respective fragments from the 3'-UTR of PTEN or TIMP3 into the downstream region of the Renilla luciferase reporter gene. HEK-293T cells were then co-transfected with one of the wild type or mutant reporter vectors and precursor miR-21-5p or miR-NC. A significant reduction of luciferase activity of the wild-type reporter vector was observed in the presence of miR-21-5p. conversely, partial mutation of the respective seed regions blocked the ability of miR-21-5p to inhibit luciferase activity (P<0.05; Fig. 5B ). In addition, PTEN protein was significantly downregulated in miR-21-5p mimics-transfected cells, but was significantly increased in inhibitor-transfected cells (Fig. 5c) . Similar results were also observed for TIMP3 (Fig. 5d) . Taken together, these results indicated that miR-21-5p directly regulates PTEN and TIMP3 as target mRNAs in Gc cells.
Knockdown of PTEN and TIMP3 enhances DOX resistance of SGC7901 cells.
Next, the present study sought to determine whether direct knockdown of PTEN or TIMP3 confers cellular dOX resistance, similar to the effect of miR-21-5p mimics. First, SGc7901 cells were depleted of endogenous PTEN or TIMP3 by transfection of specific siRNA. The transfection efficiency was confirmed through RT-qPCR and western blot analysis ( Fig. 6A-d) . Silencing of PTEN or TIMP3 mRNA caused significant inhibition of the corresponding mRNA and protein expression in SGc7901 cells. The cell survival assay revealed that DOX resistance was significantly increased in siRNA-PTEN-or siRNA-TIMP3-transfected cells compared with that of cells transfected with control siRNA (Fig. 6E) . All of these results mirrored those obtained by transfection of miR-21-5p and further suggested that the effects of miR-21-5p on dOX resistance in Gc cells may be mediated by targeting PTEN and TIMP3.
Clinical relevance of miR-21-5p and PTEN or TIMP3 in GC patients.
To assess the clinical relevance of miR-21-5p and PTEN or TIMP3 in Gc patients, PTEN and TIMP3 mRNA levels were first detected in newly diagnosed Gc patients, and the possible correlation between miR-21-5p and the target genes was then evaluated. As presented in Fig. 7A and B, PTEN and TIMP3 were significantly downregulated in GC patients (P<0.01). Furthermore, a significantly inverse correlation between miR-21-5p expression and PTEN levels was observed in this cohort (r=-0.4175, P=0.0039). In addition, a statistically significant correlation between miR-21-5p levels and TIMP3 expression was identified in the GC samples examined (r=-0.3263, P=0.004). This result suggests that PTEN and TIMP3 are also regulated by miR-21-5p in clinical samples, indicating that these genes are bona fide targets of miR-21-5p in Gc cells.
Discussion
At present, the reversal of drug resistance largely determines the efficacy of successful cancer treatment in the clinic (35, 36) . One of the mechanisms accounting for acquired drug resistance is failure to undergo apoptosis in response to the drugs (37) (38) (39) . The present study demonstrated that miR-21-5p is upregulated in dOX-resistant Gc cell lines and Gc patients, particularly in recurrent cases, which implies that miR-21-5p is involved in dOX resistance. Knockdown of miR-21-5p enhanced sensitivity and promoted dOX-induced apoptosis in SGc7901/dOX cells. An in-depth examination of the inverse correlation between PTEN or TIMP3 expression and miR-21-5p in SGC7901 cells and in the sufficiently large patient cohort indicated that these targets are involved in dOX resistance. The results provide novel evidence regarding the implication of miR-21-5p in dOX resistance of Gc and suggest a significant association of miR-21-5p with GC patient prognosis. Previous studies have reported that miR-21-5p participates in the tumorigenesis of several cancer types. Yan et al (40) and Wu et al (41) reported that the dysregulated expression of miR-21 is correlated with lymph node metastasis and poor prognosis in breast cancer and colorectal cancer, respectively. It has been reported that overexpression of miR-21 predicts poor survival of non-small-cell lung cancer patients and inhibits apoptosis through the regulation of the Ras/mitogen-associated protein kinase kinase/extracellular signal-regulated protein kinase pathway (42) . Furthermore, it has been reported that miR-21-5p is upregulated in patients aged >40 years who underwent gastrectomy for potentially curable Gc (stage III) and experienced a recurrence (43) . In addition, a meta-analysis study indicated that elevated miR-21 expression levels are correlated with tumor differentiation, lymph node metastasis and TNM stage in digestive tract cancer (44) , which is consistent with the results of the present study.
The importance of miR-21-5p in the progression of drug resistance is well documented. Gong et al (45) reported that ectopic expression of miR-21 in HER2
+ breast cancer cells conferred resistance to trastuzumab and that miR-21-specific antisense oligonucleotides reversed this resistance by inducing growth arrest through blocking the G1/S cell cycle checkpoint. Tomimaru et al (46) reported that anti-miR-21 rendered hepatocellular carcinoma cells sensitive to 5-fluorouracil by targeting PTEN and programmed cell death protein (Pdcd)4. consistent with these results, Yang et al (47) demonstrated that compared with the parental SGc7901 cell line, miR-21 was upregulated in the cisplatin (dPP)-resistant SGc7901/ddP cell line, and knockdown of miR-21 markedly increased the anti-proliferative effects and induced apoptosis by dPP through targeting PTEN. A previous study reported that miR-21 was upregulated in the paclitaxel-resistant cell line SGc7901/paclitaxel and may modulate sensitivity to paclitaxel-mediated P-glycoprotein expression (48) . In the present study, SGc7901/dOX cells did not display marked dOX resistance when miR-21-5p expression was increased. This may be due to following aspects: The elevated expression levels of miR-21-5p may not directly translate to elevated DOX resistance, and miR-21-5p may influence the expression of certain other genes and may be associated with the resistance to other drugs. For instance, various other studies have reported that miR-21-5p was associated with dPP resistance of gastric cancer cells (47, 49) . Furthermore, the increased resistance to dOX was not entirely due to the elevation of miR-21-5p, and is probably regulated by additional signaling pathways, including the inhibition of P-glycoprotein expression and activity, or via AKT-mediated upregulation of multidrug resistance-associated protein 1 (50,51). All of the above suggests that the mechanism of drug resistance is highly complex, while it is indicated that miR-21-5p may have an important role in the multidrug resistance of cancer cells.
It is broadly accepted that certain miRNAs regulate a large number of protein-coding genes during cell apoptosis. For instance, Pdcd, apoptotic protease-activating factor 1, Fas ligand and B-cell lymphoma-2 (Bcl-2) have all been proven to be targets of miR-21-5p that are associated with apoptotic signaling (46, (52) (53) (54) . consistent with these results, the present study demonstrated that miR-21-5p reduced apoptosis and enhanced survival of Gc cells in the presence of dOX through inhibition of the expression of PTEN, as well as TIMP3, which is known to induce apoptosis and act as a tumor suppressor gene.
PTEN is a tumor suppressor gene that suppresses the proliferation, invasion and metastasis of tumor cells and induces tumor cell apoptosis (55) . PTEN-mediated apoptosis in tumors is regulated by numerous canonical signaling pathways, among which the phosphoinositide-3 kinase/AKT/mammalian target of rapamycin pathway is of high interest. Activation of this pathway protects various cell types from apoptosis that is induced by withdrawal of survival factors (56, 57) , induces the expression of anti-apoptotic Bcl-2, and phosphorylates and inactivates the pro-apoptotic Bcl-2 family member Bcl-2-associated death promoter, which induces the expression of genes that are critical for cell death. The imbalance between Bcl-2 and Bcl-2-associated X protein may trigger apoptosis (58) . TIMP3, a natural metalloproteinase inhibitor, is always silenced in human cancers. Pertinent studies have identified TIMP3 to be a critical regulator of cell death and survival. Two major pathways, p38 and Notch, were activated in the livers of TIMP3 -/-mice (59) . p38 negatively regulates cell cycle progression, facilitating dNA repair by inducing p21 or directly activating p53 (60, 61) , while Notch signaling, via p53 and p21 activation, couples enhanced cell cycle arrest and senescence with tumor cell differentiation to inhibit tumorigenesis (62) . The present results indicated that miR-21-5p regulates drug resistance and cell apoptosis in Gc by targeting the tumor suppressors PTEN and TIMP3, and then affect the downstream signaling pathways. In future studies, specific knockdown or inhibition of individual pathways may provide a deeper understanding of these interactions.
The present study is limited by its lack of animal experiments, which would have provided more powerful evidence for implementation of the results in drug therapy (63, 64) . However, the present study employed various experimental methods and combined clinical data for analysis in the present study. Similar studies have been performed previously, which used identical methods to verify the effect of a gene or protein on tumor cell resistance to certain drugs (65, 66) . A future study by our group will assess the function of miR-21-5p in a mouse model. The present study underscored the value of miR-21-5p in dOX resistance of Gc cells. It is worth noting that the increased resistance of Gc cells was not consistent with changes in miR-21-5p, which implies that a complex regulation network exists in dOX-resistant Gc cells.
In conclusion, miR-21-5p expression was upregulated in dOX-resistant Gc cells and patient tissue samples. Reduction of miR-21-5p levels improved the sensitivity of Gc cells to dOX-based chemotherapy through directly upregulating PTEN and TIMP3, suggesting that an appropriate combination of dOX with miR-21-5p antagonism may represent a potential strategy for Gc treatment.
